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SummaryOur study describes how the biophysical properties of the hepatis C virus evolve over the course of infection using the human liver chimeric FAH-/- mouse model and suggests that metabolic changes impact hepatis C virus biophysical properties.

Between 130 and 170 million people are chronically infected with hepatitis C virus (HCV) worldwide, putting them at risk for chronic liver disease including steatosis, cirrhosis, and hepatocellular carcinoma.[@bib1] Even with the recent approval of highly effective treatments, HCV remains the primary indication for liver transplantation in the United States and continues to pose a major public health burden. HCV perturbs lipid metabolism, causing liver pathology and potentially contributing to other etiologies including higher risk of cardiovascular diseases,[@bib2], [@bib3] the leading cause of death globally. It remains to be determined if the new HCV treatments can revert this phenotype.

HCV is a positive-strand RNA virus that belongs to the *Flaviviridae* family. HCV entry, replication, and assembly are linked closely to host lipid and lipoprotein metabolism.[@bib4], [@bib5], [@bib6] It now is understood that the low density and high infectivity of these particles are the result of HCV association with the very-low-density lipoprotein (VLDL) secretion pathway leading to the formation of a lipoviroparticles (LVPs).[@bib7]

Lipoproteins are macromolecular complexes that allow the transport of lipids in the bloodstream. Lipoproteins are composed of a monolayer of phospholipids, in which apolipoproteins are associated. The core of the particle contains cholesterol esters and triglycerides. Lipoprotein subclasses are differentiated by size and buoyant density depending on their triglyceride and cholesterol content. High-density lipoproteins (HDLs) are small dense lipoproteins that are responsible for the transport of cholesterol from peripheral tissues back to the liver in a process called *reverse cholesterol transport*. VLDL are secreted by hepatocytes to mainly transport triglycerides from the liver to extrahepatic tissues. They are transformed in the circulation to intermediate-density lipoprotein and low-density lipoprotein (LDL) after triglyceride hydrolysis by lipoprotein lipase.[@bib8], [@bib9]

Despite numerous reports, the precise details of how HCV and host lipoproteins interact, as well as the exact structure of the resulting LVP, remain unknown.[@bib6] Early electron microscopic analyses of patient-derived particles recovered from low-density fractions showed virions with a diameter of 60--70 nm, with immunoreactive viral envelope glycoproteins E1 and E2[@bib10]; viral particles of similar density (\<1.1 g/mL) from infected chimpanzees are highly infectious.[@bib11] Recent work from Catanese et al[@bib12] reported that cell culture--derived HCV (HCVcc) particles also are heterogeneous, ranging from 40 to 100 nm. Further biochemical characterization of patient-derived HCC and HCVcc particles confirmed the presence of several apolipoproteins (apos) such as apoB, apoC1, as well as apoE.[@bib13] Besides enhancing infectivity, assembly of lipoprotein-associated viral particles also may provide a means of viral escape from potentially neutralizing antibodies by masking viral epitopes in a lipoprotein coat.[@bib14] Several studies have indicated that apoE is required for HCV infectivity and is part of the LVP.[@bib15], [@bib16], [@bib17], [@bib18] Interestingly, a recent study showed that apolipoprotein amphipathic α-helices were sufficient to promote HCV particle assembly in cell culture.[@bib19] Other important factors for VLDL lipoprotein assembly, such as the microsomal transfer protein,[@bib16] apoB,[@bib16] and DGAT1[@bib20] have been proposed to play a role in HCV assembly. Even though these in vitro studies have shed some light on the role of lipoproteins in HCV assembly, Huh-7--derived human hepatoma cell lines used to produce HCV particles secrete only partially lipidated immature VLDL,[@bib21] limiting their utility in characterizing the density heterogeneity, composition, and evolution of HCV virions.

There are no fully immunocompetent small-animal models for efficient HCV infection, but several immunodeficient murine xenograft models exist to study HCV infection in vivo. In 1 such model, the severe combined immunodeficiency disease (SCID)/Albumin-urokinase plasminogen activator mouse, in vivo--derived HCV RNA was enriched in the lower density fractions and of higher specific infectivity than in vitro--derived HCV. However, titers were too low to be determined for each fraction.[@bib22] Moreover, the degree of humanization of the lipoprotein profiles in SCID/Alb-uPA liver chimeric mice is reported to correlate with infection success.[@bib23]

In the present study, to analyze the biophysical properties of HCV particles over time, we used an alternative human liver chimeric mouse model that is based on the absence of the tyrosine catabolic enzyme fumaryl acetoacetate hydrolase (*FAH*)[@bib24] on the immunodeficient nod rag γ (NRG) mouse background[@bib25] (designated FNRG mice). FNRG mice infected with J6/JFH1 constitute a suitable model to analyze the buoyant density distribution of infectious HCV particles in a gradient and monitor their evolution over time, as well as establish the susceptibility of the infectious particles in vivo to natural challenges such as feeding and fasting. After infecting these mice with J6/JFH1 and performing an initial analysis of the density of infectious HCV particles, we subjected these mice to a 10% sucrose diet to increase the production of fully lipidated VLDL, and analyzed the HCV virus distribution on a gradient after feeding or fasting. Overall, data in the FNRG mouse model yielded HCV particles of low density and higher infectivity early after infection, supporting previous results in the SCID/Alb-uPA model. However, over the course of the infection, the viral particle density became more heterogeneous with a decreased population of particles of low density, and the overall in vitro infectivity diminished. We further show that a high sucrose diet and a fed vs fasted state affect the buoyant density distribution of HCV particles.

Materials and Methods {#sec1}
=====================

Cell Culture {#sec1.1}
------------

Huh-7.5 cells[@bib26] were propagated in Dulbecco\'s modified Eagle medium (Invitrogen, Carlsbad, CA) containing 5% heat-inactivated fetal bovine serum (HyClone; Thermo Scientific, Waltham, MA) and 0.1 mmol/L nonessential amino acids (Invitrogen, Life Technologies, Carlsbad, CA). All cells were maintained at 37°C with humidified 5% CO~2~.

Human Liver Chimeric Mice {#sec1.2}
-------------------------

Mice with a targeted disruption in the fumaryl acetoacetate hydrolase gene (*fah*^*-/-*^)[@bib27] were provided by Markus Grompe from Oregon Health and Science University and crossed for 13 generations onto the NOD *rag1*^*-/-*^ *il2rg*^*null*^ background as described.[@bib25] Resulting *fah*^*-/-*^ NOD *rag1*^*-/-*^ *il2rg*^*null*^ (FNRG) mice were maintained on nitisinone (NTBC; Yecuris, Tualatin, OR). FNRG mice older than 6 weeks of age were transplanted with 1 × 10^6^ cryopreserved human hepatocytes purchased from Celsis (Charles River, Chicago, IL). During hepatocyte engraftment mice were cycled off the drug NTBC on the basis of weight loss and overall health. During the infection experiment mice were cycled off NTBC for 2 weeks and on NTBC for 3--5 days, and serum samples were harvested on the last day off NTBC. All animal work was performed at the Rockefeller University in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Rockefeller University Institutional Animal Care and Use Committee (protocol 12536).

HCV Plasmid Constructs and Generation of HCVcc Inocula {#sec1.3}
------------------------------------------------------

J6/JFH-1 is an intragenotypic recombinant genotype 2a virus containing J6 sequences from core to NS2.[@bib28] HCVcc stocks were prepared by electroporation of in vitro--transcribed viral RNA into Huh-7.5 cells. Virus was collected in 5% fetal bovine serum, and titers were determined by limiting dilution assay, as described previously.[@bib28] The inoculum was passaged at least 3 times in mice to adapt the virus further to the FNRG mouse model and the mice used for this experiment were infected with 2.04 × 10^5^ RNA copies. A large unique stock of mouse-passaged J6/JFH1 could not be generated. Previous experiences with the H77 isolate showed that repeated freezing and thawing reduced the titers considerably. We thus pooled different aliquots of mouse-passaged samples to infect the cohort of mice. An example of the difference in buoyant density profiles of the cell culture--derived and mouse-passaged J6/JFH1 is shown in [Figure 1](#fig1){ref-type="fig"}.Figure 1**Comparison of HCV infectivity buoyant density distribution between cell culture--derived and mouse-passaged J6/JFH1**. HCVcc prepared by electroporation of in vitro--transcribed viral RNA into Huh-7.5 cells and a mouse-passaged sample were used for buoyant density analysis. HCV particles were separated on 10%--40% iodixanol gradients. Twelve fractions were collected and HCV infectivity in each fraction was assessed by limiting dilution to determine TCID50/mL and are represented as the distribution of infectivity as a percentage of the total.

Triglycerides and Cholesterol Measurement {#sec1.4}
-----------------------------------------

A total of 10 μL of serum or 100 μL of fast-performance liquid chromatography (FPLC) fraction was used for triglyceride measurement. A total of 5 μL of serum or 50 μL of FPLC fraction was used for cholesterol measurement. Triglycerides and cholesterol concentrations were determined according to the manufacturer\'s instructions using T-Cho and L-Type Triglycerides M from Wako Diagnostics (Richmond, VA).

FPLC Analysis {#sec1.5}
-------------

Two Superose-6 FPLC columns in series were pre-equilibrated with buffer (0.15 mol/L NaCl, 1 mmol/L EDTA, pH 7.5). Samples were filtered through a membrane (pore size, 0.22 μm) to remove any particulate material, and 200 μL plasma was applied to the columns. Five mice plasma were pooled for each FPLC run. The flow rate was 0.4 mL/min, and 0.5-mL fractions were collected. Absorbance of the column effluent at a wavelength of 280 nm was monitored by a UV flow-through detector. The fractions corresponding to the lipoprotein particles noted earlier were determined by prior analysis of both mouse plasma and the human lipoproteins isolated by density gradient centrifugation (not shown).

Iodixanol Isopicnic Gradient: 10%--40% {#sec1.6}
--------------------------------------

An equal volume of serum for each of the mice (range, 100--200 μL, depending on the time point) was diluted in phosphate-buffered saline (PBS) up to 1 mL and loaded in a 10%--40% continuous gradient iodixanol gradient achieved with Gradient Master (BiOCOMP, ND Canada). The gradient centrifugation was performed at 36,000 rpm for 16 hours using the SW41Ti rotor (Beckman Coulter, Brea, CA). The centrifugation was slowed with brake and stopped without brake and 12 fractions of 1 mL were collected.

HCV-RNA Quantification {#sec1.7}
----------------------

Total RNA was isolated from mouse serum using the QIAamp Viral RNA kit (Qiagen, Valencia, CA), and the HCV genome copy number was quantified by 1-step real-time polymerase chain reaction using a Multicode-RTx HCV RNA kit (Luminex Corp, Austin, TX) and a Roche LightCycler 480 (Roche Applied Science, Penzberg, Germany), according to the manufacturer\'s instructions.

Tissue Culture Infectious Dose 50 Assay {#sec1.8}
---------------------------------------

Virus titration was performed by seeding Huh-7.5 cells in poly-L-lysine--coated 96-well plates at 6000 cells/well. Samples were serially diluted 10-fold in complete growth medium and used to infect the seeded cells (8 wells per dilution). After 3 days of incubation, the cells were immunostained for NS5A as described.[@bib29] Briefly, cells were washed with PBS, fixed for at least 20 minutes with methanol (-20°C), and then washed. Washing consisted of 2 rinses with PBS and 1 rinse with PBS containing 0.1% (wt/vol) Tween. Cells were blocked for 30 minutes with PBS containing 0.1% (wt/vol) Tween, 1% (wt/vol) bovine serum albumin, and 0.2% (wt/vol) dried skim milk. Endogenous peroxidase activity was blocked further by a 5-minute incubation with PBS containing 0.3% (vol/vol) hydrogen peroxide, then washed. NS5A was detected by overnight incubation at 4°C with PBS containing 0.5% (wt/vol) Tween 100 and a 1:25,000 dilution of media from the 9E10 mouse monoclonal antibody.[@bib28] After washing as described earlier, bound 9E10 was detected by a 1-hour incubation with anti-mouse polyclonal antibody conjugated with horseradish peroxidase and washed again, as described earlier. Bound peroxidase was detected with diaminobenzidine 7 tetrahydrochloride. Wells that contained at least 1 NS5A-expressing cell were counted as positive, and the TCID50 was calculated according to the method of Reed and Muench as referenced by Lindenbach.[@bib29]

Western Blot {#sec1.9}
------------

A total of 10 uL of each fraction was analyzed by Western blot using anti-apoE (52607-1:5000; Abcam, Cambridge, UK) and anti-apoC1 (198288-1:1000; Abcam). Proteins were separated on 4%--12% Bis-Tris NuPAGE polyacrylamide gels (Thermo Scientific) and transferred to 0.2-μm nitrocellulose membranes. Membranes were blocked with 5% milk in Tris-buffered saline with 0.1% Tween 100 and probed with specific primary antibodies. After secondary antibody staining with peroxidase column purified donkey anti-rat IgG (H + L; 1:10,000), blots were visualized using SuperSignal West Dura reagent (ThermoFisher Scientific).

Statistical Analyses {#sec1.10}
--------------------

Statistical differences were analyzed using GraphPad Prism software (GraphPad Software, Inc, San Diego, CA). Data in which 2 groups were compared were analyzed using an unpaired *t* test. Data in which more than 2 groups were compared were analyzed by analysis of variance. *P* values less than .05 were considered significant.

Results {#sec2}
=======

Humanization of the Cholesterol Profile and Normalization of Triglycerides in Human Liver Chimeric FNRG Mice {#sec2.1}
------------------------------------------------------------------------------------------------------------

Differences between in vitro-- and in vivo--derived HCV particles have been reported.[@bib22], [@bib23], [@bib30], [@bib31], [@bib32] In vivo--derived particles tend to be of lighter density and more infectious than in vitro--derived particles[@bib2], [@bib22] and this may be because there is no human liver cell culture model that properly recapitulates VLDL biogenesis.[@bib8] To test if the human liver chimeric FNRG mice could be used to address some of these differences we first set out to characterize the lipoprotein profile in this model. To do so, FNRG mice were transplanted with human hepatocytes and the degree of engraftment of these cells in the murine liver was monitored by quantification of human albumin in circulation as assessed by enzyme-linked immunosorbent assay.[@bib25] Highly engrafted mice, defined as having human albumin levels greater than 1 mg/mL, were used to determine the lipoprotein profiles. As expected, and similar to what was reported by Ellis et al[@bib33] in closely related human liver chimeric FRG mice, the cholesterol level was higher in mice after engraftment with human hepatocytes; furthermore, this cholesterol was carried mainly on VLDL and LDL as determined by FPLC, reflecting a typical human profile ([Figure 2](#fig2){ref-type="fig"}*A* and *B*). Surprisingly, we found that the triglyceride levels in FNRG mice before transplantation were increased slightly compared with normal values in C57-BL6 wild-type mice (\<100 mg/dL) or in non-obese diabetic-SCID (57.4 mg/dL) ([Figure 2](#fig2){ref-type="fig"}*C*). VLDL triglyceride levels decreased significantly upon humanization and redistributed between VLDL and intermediate-density lipoprotein/LDL ([Figure 2](#fig2){ref-type="fig"}*D*). The high level of triglycerides in the FNRG mice compared with reported values in other mice could result from the fah deficiency or could be owing to the difference in genetic background. Thus, to dissect this phenotype further, we measured triglyceride levels from untransplanted FNRG, NRG, and FRG mice. The total triglyceride levels from the FRG mice were increased to greater than those determined for NRG mice, although they did not reach FNRG levels ([Figure 3](#fig3){ref-type="fig"}*A*). When analyzed by FPLC ([Figure 3](#fig3){ref-type="fig"}*B* and *C*), the triglyceride levels in the VLDL fraction was comparable between FRG and FNRG mice. These results indicate that the fah deficiency affects baseline triglyceride levels. Taken together, human liver chimeric FNRG mice show a human-like lipoprotein profile and reconstitution of the fah by the human liver xenograft is sufficient to restore triglycerides to normal levels. These findings support the use of the human liver chimeric FNRG mice as a suitable model for human lipoprotein metabolism studies as well as HCV/lipoprotein association studies.Figure 2**Lipoprotein profiles of FNRG and human liver chimeric FNRG mice.** (*A*) Total cholesterol and (*C*) triglyceride (TG) levels were measured in the serum of FNRG and noninfected human liver chimeric FNRG mice that were highly engrafted (defined as having \> 1 mg/mL human serum albumin levels) using commercial diagnostic kits (WAKO). Statistical differences were analyzed using an unpaired *t* test (n = 7). (*B* and *D*) Lipoprotein profiles of FNRG and noninfected human liver chimeric FNRG mice were determined by FPLC using pooled plasma (n = 5). The fractions corresponding to the lipoprotein particles noted in the figure were determined by prior analysis of lipoproteins derived from both mouse and human plasma by density gradient centrifugation. (*B*) Cholesterol and (*D*) triglyceride content in each fraction was determined using commercial diagnostic kits (WAKO). AU, arbitrary unit.Figure 3**Triglyceride (TG) profiles of FNRG, NRG, and FRG mice.** (*A*) Total triglyceride levels were measured in the serum of FNRG, NRG, and FRG using commercial diagnostic kits (WAKO). Statistical differences were compared by analysis of variance using the Bonferroni multiple comparison test (\*\**P* \< .01; \*\*\**P* \< .001) (n = 5). (*B* and *C*) Lipoprotein profiles of FNRG, NRG, and FRG mice were determined by FPLC. The fractions corresponding to the lipoprotein particles noted in the figure were determined by prior analysis of lipoproteins derived from both mouse and human plasma by density gradient centrifugation. The tracing comes from the mean of 2 experiments of pooled plasma (n = 5). (*C*) Triglyceride content in each fraction was determined using commercial diagnostic kits (WAKO). (*C*) The relative content of triglycerides in the peak fractions is represented for each of the 2 experiments. AU, arbitrary unit.

HCV Buoyant Density in FNRG Mice Evolves Over Time {#sec2.2}
--------------------------------------------------

Thirteen highly engrafted human liver chimeric FNRG mice were challenged with J6/JFH1 that had been passaged in humanized FNRG mice and the biophysical properties of the virus were monitored. After 2 weeks of infection, sera were collected and virus particles were separated based on their densities. All of the mice had detectable HCV-RNA levels and the amount of infectious particles (TCID50/mL) was similar to the 4 mice selected for representation in [Figure 4](#fig4){ref-type="fig"} (left panel). For 8 of 10 mice, 2 major peaks of viral RNA were detected and were associated with the presence of infectious particles. A third RNA peak of even higher density (\>1.3 g/mL), but associated with reduced infectivity, was present for one of the serum samples analyzed (7343). The amount of infectivity associated with the low-density peak (\<1.1 g/mL) was higher than that associated with the high-density peak (≈1.15--1.19 g/mL). Indeed, specific infectivity of the low-density fraction was close to 1 TCID50 per RNA molecule ([Figure 4](#fig4){ref-type="fig"}*C*), whereas at higher density, specific infectivity was 1 TCID50 for 100--1000 RNA molecules. To further investigate the variation of HCV particle buoyant density over time, we performed the same analysis on serum collected at 5 weeks after infection ([Figure 4](#fig4){ref-type="fig"}*A*, right panel). At this later time point, we observed a significant decrease of specific infectivity in the low-density fractions ([Figure 4](#fig4){ref-type="fig"}*B* and *C*). Together, these data show that the buoyant density distribution of HCV early after infection was as expected, with low density and high specific infectivity. Interestingly, the third peak (density \> 1.3 g/mL) appeared in 2 additional sera compared with the first time point (7343, 7337, 7339). To summarize, at 5 weeks after infection a redistribution of the specific infectivity was observed, with a reduced proportion of lighter and more infectious particles.Figure 4**Buoyant density distribution of HCV RNA and infectivity at 2 and 5 weeks after infection.** (*A*) Sera of 4 representative liver chimeric mice (numbered 7343, 7350, 7337, 7339) infected with J6/JFH1 were collected. HCV particles were separated on a 10%--40% iodixanol gradient. Twelve fractions of 1 mL were collected. HCV RNA was quantified by quantitative reverse-transcription polymerase chain reaction in each fraction (represented by the *black line graph*), and HCV infectivity in each fraction was assessed by limiting dilution to determine TCID50/mL (represented by the *filled gray area*). Each mouse number is indicated. (*B*) The percentage of total infectivity (TCID50 in each fraction/sum of TCID50 in all fractions) in each fraction of corresponding density is represented for 2 weeks after infection (*left*) and for 5 weeks after infection (*right*). (*C*) Specific infectivity was calculated for each fraction by dividing the number of infectious particles (TCID50/mL) with the number of RNA molecules (HCV RNA copies/mL). The more infectious the virus is the closest to one the specific infectivity. (*D*) Analysis of the immunoreactivity of the fractions to apoE and apoC1 by Western blot for 2 weeks after infection (*left*) and 5 weeks after infection (*right*). Representative immunoblots are shown.

The heterogeneity of in vivo-- and in vitro--derived particles[@bib12], [@bib13], [@bib32], [@bib34], [@bib35], [@bib36] has been described extensively, and is thought to be owing to differences in the biochemical nature of the particles. In our data, the lightest peak of infectivity observed could correspond to the nucleocapsid-free LVPs.[@bib34] Unfortunately, the quantity of material available in this study was not sufficient to directly assess the composition of virions at particular densities or detect viral proteins in the fractions. Nonetheless, as shown in [Figure 4](#fig4){ref-type="fig"}*D*, we compared the 2-week and 5-week gradient for the co-distribution of apolipoprotein (apoE and apoC1). ApoC1 was found to be the lightest fraction, whereas apoE was found mainly in the 5 lightest fractions with detectible amounts also observed in the adjacent 3 consecutive fractions. ApoE[@bib15], [@bib16], [@bib17], [@bib18] and apoC1[@bib37], [@bib38] have been reported as essential factors of HCV infectivity. We did not observe redistribution of these 2 proteins between the 2 time points. Further characterization of the particles using immunoelectron microscopy or mass spectrometry could help determine the different nature of the particles and show key components of their infectivity.

HCV Buoyant Density Distribution Is Impacted Minimally by Sucrose Feeding During the Fed State {#sec2.3}
----------------------------------------------------------------------------------------------

As reported by Felmlee et al,[@bib39] dietary lipids have been shown to influence the release of HCV in the circulation in human beings by increasing the amount of detectable HCV RNA in the VLDL fraction after ingestion of a high-fat meal (milkshake). As a reference, we compared the mouse-passaged virus used for infection of the mice with cell cultured--derived virus ([Figure 1](#fig1){ref-type="fig"}). To assess how diet-induced manipulation of host metabolism might affect HCV heterogeneity and infectivity, a group of 5 mice were given 10% sucrose in their drinking water ([Figure 5](#fig5){ref-type="fig"}*A*). This has been described to promote VLDL lipidation and secretion in rodents.[@bib40] As expected, we observed a significant increase in triglyceride levels as well as cholesterol content in VLDL and LDL by FPLC in noninfected mice after 5 weeks of sucrose feeding ([Figure 6](#fig6){ref-type="fig"}*A* and *B*). In mice infected with HCV and then placed on a sucrose diet for 2 weeks, no significant differences in HCV buoyant density were observed compared with infected mice on a regular diet (control) ([Figure 5](#fig5){ref-type="fig"}*C*), and both groups (sucrose and control) lost infectivity in the lower-density fractions compared with the earlier time point ([Figure 5](#fig5){ref-type="fig"}*B* vs *C*). After 5 weeks on sucrose, we observed a slight shift of the higher density peak from 1.15 g/mL (fraction 7) to 1.1 g/mL (fraction 5) ([Figure 5](#fig5){ref-type="fig"}*D*). To establish if this was attributable to changes in the biogenesis of the LVP, we analyzed the distribution of infectivity after overnight fasting because this would reduce the chylomicron contribution to the VLDL fraction. Interestingly, the distribution profile after overnight fasting (at 8 wk) ([Figure 5](#fig5){ref-type="fig"}*E*) became comparable with the distribution observed early after infection (at 2 wk), at which the majority of infectivity was detected in a single peak at low density ([Figure 5](#fig5){ref-type="fig"}*B*). Notably, we did not observe any differences with or without sucrose under these conditions. Sucrose was withdrawn after harvesting at the 11-week postinfection time point (8 weeks ± sucrose) and we continued to analyze the evolution of the HCV buoyant density distribution of the virus from the 2 groups of mice after sucrose withdrawal ([Figure 5](#fig5){ref-type="fig"}*F* and *G*). The overall infectivity decreased further for the mice still alive ([Table 1](#tbl1){ref-type="table"}), and the distribution of the denser peak shifted slightly toward lower density with no differences between the 2 groups at 3 weeks or 6 weeks after sucrose withdrawal. Overall, these data indicate that the effect of a 10% sucrose diet on HCV buoyant density was minimal in FNRG mice and was observed only after feeding when the mice had been on sucrose for 5 weeks. Furthermore, the effect was transient because it did not persist after sucrose withdrawal.Figure 5**Effect of 10% sucrose feeding on HCV infectivity buoyant density distribution.** (*A*) Schematic of the experiment outline. A group of 13 human liver chimeric FNRG mice were infected with J6/JFH1 and serum was collected every 3 days before NTBC cycling to perform gradient density fractionation. After 2 weeks, 5 mice were given 10% sucrose in their drinking water for 8 weeks and then sucrose was withdrawn and the experiment was continued for 2 more weeks before killing the animals. At 11 weeks after infection, the mice were fasted overnight before serum collection. PS, presucrose; SC, serum collection; w ± S, weeks ± sucrose; wOS, weeks off sucrose; wPI, weeks postinfection. (*A--C*) Difference in buoyant density distribution of HCV infectivity between sucrose-fed mice and control mice (no sucrose). Thirteen mice were separated into 2 groups: one group (5 mice) received 10% sucrose in the drinking water at 2 weeks after infection (blue), and the other group received water as a control (red). The blood of infected human liver chimeric FNRG mice was collected at (*B*) 2, (*C*) 5, (*D*) 8, (*E*) 11, (*F*) 14, and (*G*) 17 wPI. Before the 11 wPI blood draw, mice were fasted overnight. HCV particles were separated on a 10%--40% iodixanol gradient. Twelve fractions were collected and HCV infectivity in each fraction was assessed by limiting dilution to determine TCID50/mL. The distribution of infectivity is represented as a percentage of the total as indicated in [Figure 4](#fig4){ref-type="fig"}*B*.Figure 6**Cholesterol and triglyceride content of fractionated mouse serum after 5 weeks of 10% sucrose feeding compared with control.** (*A* and *B*) Lipoprotein profiles of noninfected human liver chimeric FNRG mice fed 10% sucrose or not in their drinking water were determined by FPLC. The fractions corresponding to the lipoprotein particles noted in the figure were determined by prior analysis of lipoproteins derived from both mouse and human plasma by density gradient centrifugation. (*A*) Cholesterol and (*B*) triglyceride (TG) content in each fraction was determined using commercial diagnostic kits (WAKO). (*C* and *D*) A total of 50 uL and 100 uL from each fraction of iodixanol were used to measure (*C*) cholesterol and (*D*) triglyceride levels, respectively, using a commercial diagnostic kit (Wako). AU, arbitrary unit; IDL, intermediate-density lipoprotein.Table 1Average Infectivity (TCID50/mL) per Fraction for Each Time PointAverage infectivity (TCID50/mL)Bleed 1Bleed 2Bleed 3Bleed 4Bleed 5Bleed 614.6E+041.6E+049.8E+032.7E+027.2E+029.2E+0225.6E+05[a](#tbl1fna){ref-type="table-fn"}1.6E+043.9E+043.2E+037.5E+03[a](#tbl1fna){ref-type="table-fn"}9.5E+0231.9E+051.7E+04[a](#tbl1fna){ref-type="table-fn"}2.4E+043.6E+03[a](#tbl1fna){ref-type="table-fn"}7.4E+035.0E+03[a](#tbl1fna){ref-type="table-fn"}43.6E+042.6E+031.1E+041.9E+032.6E+031.9E+0353.7E+035.1E+021.3E+045.3E+023.7E+033.6E+0365.1E+031.4E+031.7E+041.6E+025.0E+032.5E+0379.9E+039.6E+032.9E+046.2E+018.1E+021.9E+0381.5E+049.3E+034.4E+04[a](#tbl1fna){ref-type="table-fn"}5.1E+023.2E+026.3E+0296.1E+032.1E+021.2E+031.4E+021.8E+024.3E+02101.4E+039.6E+011.3E+031.0E+009.4E+01ND111.1E+027.1E+013.8E+011.0E+00NDND126.5E+011.0E+011.1E+031.0E+00NDND[^1][^2][^3]

Effect of Sucrose Feeding on Lipoprotein Metabolism {#sec2.4}
---------------------------------------------------

To determine if the modest difference noted at 8 weeks after infection between the 2 groups with or without sucrose (5 weeks ± sucrose) could be attributed to any change in lipoprotein composition, we analyzed the cholesterol and triglyceride content of each fraction ([Figure 6](#fig6){ref-type="fig"}*A* and *B*). We observed that fraction 5, which contained increased infectivity after 5 weeks of sucrose compared with control mice, also contained higher levels of triglycerides and cholesterol ([Figure 6](#fig6){ref-type="fig"}*C* and *D*). Thus, the impact of the sucrose diet on HCV particle density correlates with the appearance of a fraction containing higher triglyceride and cholesterol levels compared with control mice.

Taking all of our results together, we show how distribution of the infectivity of HCV particles evolves in vivo. In human liver, chimeric FNRG mice HCV circulates as a population of particles of light as well as dense buoyant densities and both are infectious. Changes in diet as well as conditions such as fasting and feeding affect the distribution of HCV buoyant density gradients.

Discussion {#sec3}
==========

Heterogeneity of virus particles is a particular feature of HCV in part because of its ability to associate with lipoproteins. Although the development of a cell culture system to study HCV in vitro has enabled the discovery of essential host factors for HCV assembly, such as apoE,[@bib15], [@bib16], [@bib17], [@bib18] none of the cell lines that are used to produce HCV particles fully recapitulate VLDL assembly.[@bib21] It remains unclear if HCV assembly and particle composition truly mimic HCV as a lipoviroparticle in human circulation. Articles presenting experiments in which HCVcc was passaged from cell culture to animal models (chimpanzees or liver chimeric Alb-uPA mice) or liver chimeric FRG mice[@bib22], [@bib30] only reported representative buoyant density profiles that originated from a single time point or from pooled samples harvested at different time points. In this study, we showed that HCV buoyant density and infectivity change over time and are influenced by dietary changes.

We show that the humanized FNRG mouse model is suitable for human lipoprotein metabolism studies. The cholesterol profile of the human hepatocyte-engrafted FNRG mice appeared humanized with a redistribution of the cholesterol from HDL to LDL and VLDL consistent with data from the human liver chimeric FRG mouse model.[@bib33] We observed somewhat increased plasma triglyceride levels in the nontransplanted FNRG mice, likely owing to the fah deficiency. The human hepatocytes express FAH and we observed a reduction of the triglyceride levels upon efficient engraftment and expansion of these cells in the murine liver. These results support the use of the human FNRG liver chimeric mouse model as an animal model to study lipoprotein metabolism. Notably, in human beings, the cholesterol ester transfer protein (CETP) transfers cholesterol in the circulation from HDL to VLDL.[@bib8] However, intravascular lipoprotein metabolism differs in mice because they lack expression of CETP,[@bib8] and thus carry most of their cholesterol on HDL, as opposed to human beings who carry cholesterol mainly on VLDL and LDL. High LDL is a risk factor for developing coronary artery disease and our results show that humanized FNRG mice provide a promising model for studies of human lipoprotein metabolism in vivo. CETP inhibitors held great promise until the recent termination of the A Study of Evavetrapib in High-Risk Vascular Disease (Eli Lilly and company) phase II study[@bib41] in which the CETP inhibitor evacetrapib showed efficiency at reducing LDL cholesterol and increasing HDL that, however, failed in translating into a clinical outcome of reduced cardiovascular events.[@bib42] These results underscore the need for a better mechanistic understanding of the dynamic of lipoprotein metabolism and its contribution to cardiovascular events. Humanized mouse models could constitute a valuable tool for such studies.

Having established that the human liver chimeric FNRG model showed humanized lipoprotein profiles, we next investigated the biophysical properties of the HCV particles generated in these mice. HCV particles present in the serum of HCV-infected patients are mainly of low density (1.006--1.15 g/mL) owing to association of the particles with lipoproteins. Our results looking at HCV particle density early after infection were similar to what was reported by Lindenbach et al[@bib22] and Maillard et al[@bib32] using the same virus (J6/JFH1) in the SCID/Alb-uPA human liver chimeric mouse model. These results are consistent with data obtained in chimpanzees in which infectivity was correlated inversely with their buoyant density.[@bib11], [@bib22] HCV association with lipoproteins is thought to occur intracellularly; however, Felmlee et al[@bib39] reported that HCV RNA can be recovered from the triglyceride-rich lipoprotein fraction after a high-fat meal and reported that HCV was able to transfer to triglyceride-rich lipoproteins in vitro. These results suggested that HCV could associate with lipoproteins extracellularly, especially chylomicrons. However, the ability of this transfer to alter infectivity could not be addressed in their study.

As reported in other in vivo models,[@bib22], [@bib30], [@bib32] we showed that HCV is heterogeneous in the sera of the humanized FNRG mice with a higher proportion of particles of low density and high infectivity early after infection. However, we observed a redistribution of the virus over the course of the infection, with more particles of higher density and a decrease of specific infectivity. Because other studies only looked at single time points or pooled samples over time, the dynamics of HCV particles over time has been largely overlooked.[@bib22], [@bib32] In human beings, the presence of immune complexes of antibodies with viral particles has been suggested to alter the density of the particles toward higher densities.[@bib11] Because FNRG animals are severely immunocompromised and cannot make HCV antibodies, the appearance of a population of higher density cannot result from the formation of immune complexes. Rather, the denser particles are either formed in the liver or are the result of the remodeling of lipoprotein components of the LVP by serum enzymes such as lipoprotein lipase and CETP. The highest density peak could represent a fraction of the virus less enriched in lipoprotein or of nonenveloped nucleocapsids.[@bib43] Interestingly, recent work by Piver et al[@bib44] compared the ultrastructure of serum and HCVcc particles (LVP) and reported that they are comparable in their composition and association with lipoproteins. Therefore, one can speculate that the true nature of the particles is comparable between in vitro-- and in vivo--derived material, but that the stoichiometry between apolipoprotein components and lipids is altered, thus affecting the infectivity. Notably, the in vitro--derived material does not represent particles that have been subjected to intravascular remodeling in vivo. We recently reported that expression of Sec14L2 allowed the replication of clinical isolates in Huh-7.5 in vitro.[@bib45] Taking advantage of this system, future work may be able to analyze the infectivity of HCV particles derived from HCV-infected individuals after passaging in vitro if high levels of highly infectious patient material are available in sufficient quantity to see a signal after fractionation on gradients.

Regarding decreased overall infectivity, we know from previous experiments that human albumin levels in mice highly engrafted with human hepatocytes reach greater than 1 mg/mL and are maintained over several NTBC cycles, indicating a persistence of the graft. In this particular study, human albumin levels measured at the end point of the experiment for surviving mice was all greater than the 1 mg/mL level (data not shown). Thus, it is unlikely that the decrease of infectivity of the virus over time was owing to loss of the human graft. Alternatively, the decreased infectivity over time could be owing to the bottleneck imposed by the infection on the quasispecies diversity.

In an attempt to manipulate lipoprotein biogenesis in vivo, we put the mice on a diet known to promote VLDL formation in rats and investigated the effect on the biophysical properties of the virus. The impact on HCV infectivity and buoyant density of the sucrose diet was minimal, yielding only a slight shift toward lower buoyant density. Nevertheless, this shift correlated with a trend toward enhanced triglyceride and cholesterol levels in the same fractions. To better explore whether perturbing the VLDL secretion pathway could affect the biophysical properties of the virus, another diet, such as a high-fat diet, might be considered in future studies. A high-fat diet might have a more significant impact on the lipoprotein profile in this humanized mouse model. In the present study, we also tested the effect of fasting and, interestingly, we observed that fasting gave rise to a shift toward more low-density particles, similar to what we had seen early after infection. A direct comparison of fasting vs feeding is needed to confirm this result. However, at 2 weeks after infection, fasting was the only condition that minimized the presence of infectious particles at higher densities, and we speculate that in a fasting state, when insulin is low, VLDL secretion is not inhibited[@bib46] and circulating chylomicrons[@bib8] are low, circulating HCV reflects what emerges from the liver cells: either a VLDL--HCV chimeric particle or a HCV particle quickly transferred to VLDL after secretion by the hepatocyte. The more heterogeneous profile seen during the fed state compared with the fasted state suggests a role of the transfer of HCV among lipoprotein classes orchestrated by serum enzymes such as CETP and Lipoprotein Lipase in the circulation. We think it is unlikely to be an effect of virus selection because a single overnight fast at 11 weeks after infection is sufficient to restore a majority of the infectivity in the low-density fractions and in a reversible manner. The impact of metabolic changes on virus pathogenesis has been poorly studied. A recent article[@bib47] showed how glucose utilization needed to be preserved to resist viral infection in mice, linking the phenotype to innate immune response. Therefore, the effect of fasting might be affecting the viral pathogenesis at several levels related not only to lipoprotein metabolism.

We did not address interindividual variability in our study because only 1 human hepatocyte donor was used to generate the human liver chimeric mice. Nevertheless, one could use this model to seek insights into how the host cells impact the physical properties of the virus, generating human liver chimeric mice from different human hepatocyte sources, as recently was shown with LDL-receptor--deficient hepatocytes.[@bib48]

Conclusions {#sec4}
===========

In summary, our data present the evolution of HCV infectivity over time and the biophysical properties of the HCV particles in the human liver chimeric FNRG mouse model. HCV circulates as low and high buoyant density particles in vivo and the respective distribution between lipoprotein classes depends on dietary changes including fed and fasting states.
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[^1]: NOTE. TCID50/mL have been averaged for each fraction number.

[^2]: ND, not determined.

[^3]: Fraction with the highest density per time point.
